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The arid and semi-arid areas in Central Asia have scarce water resources and fragile
ecosystems that are especially sensitive and vulnerable to climate change. Reliable
information regarding future projections of change in climate is crucial for long-term
planning of water resources management and structural adjustment of agriculture in
this region. However, the low-density meteorological observation network brings
great challenges for investigating the effects of climate variations. In this study, vari-
ations of precipitation and temperature in Central Asia were examined by a combina-
tion of gridded climate dataset of the Climate Research Unit and the latest general
circulation models (GCMs) under a representative concentration pathway 4.5. Three
downscaling methods, Delta, Advanced Delta, and Bayesian model averaging
(BMA) methods, translate the coarse GCMs to local climatic variations for the period
2021–2060 relative to 1965–2004. Major results suggested that the Advanced Delta
and BMA methods outperformed the Delta method in precipitation downscaling.
Projected precipitation exhibited a general increasing trend at a rate of 4.63 mm/
decade for entire Central Asia with strong spatiotemporal heterogeneity. While a
declining trend was observed in the southwestern and central parts of Central Asia in
summer. The projected temperature was revealed an obvious ascending at
0.37C/decade, while the warming rate accelerated in higher latitude and mountain-
ous areas. [Correction added on 03 December 2018, after first online publication:
The preceding statement has been corrected in this version.] The surface land coverage
had significant effects on the variations of precipitation and temperature, respectively.
The driven factors of local climate were suggested by analysing the relationships
between climate variations and large-scale atmospheric circulation fields anomalies.
The findings of this study aims to provide useful information to improve our
understanding for future climate change and benefit local decision makers.
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1 | INTRODUCTION
In recent decades, the changes in climate associated with
global warming have received a large amount of attention
worldwide (IPCC, 2013), since they are expected to have
direct or indirect effects on local or regional energy and
water exchange between the atmosphere, biosphere, and lith-
osphere (Smith et al., 2012; Yatagai et al., 2012). Global
average temperatures have consistently increased with a rate
of 0.13C/decade in the last 50 years (Li et al., 2012) while
precipitation also experienced an overall increasing trend
with strong spatiotemporal and non-uniform variations
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(Church et al., 2013; Gu and Adler, 2015). Moreover, the
ecosystem in arid and semi-arid regions is more sensitive to
climate change than in other areas on a global scale (Liu
et al., 2011). Huang et al. (2017) pointed out that the world's
drylands have shown enhanced warming and the Paris
Agreement that aims to limit global warming to less than
2C is unlikely to be acceptable in arid and semi-arid
regions.
The region of Central Asia, accounting for one-third of
all arid and semi-arid regions globally, has nurtured unique
fragile ecosystems which are especially sensitive to climatic
changes and show limited resilience to change (Li et al.,
2015). Subsequently, availability of fresh water has signifi-
cant influence on the production of grain and surface bio-
mass (Craine et al., 2012; Zhou et al., 2014; Hu et al.,
2017). Therefore, it is particularly necessary to investigate
the spatiotemporal distribution of climatic variations in Cen-
tral Asia for formulating regional mitigation and adaptation
strategies in light of the potential threats from climate
change (Huang et al., 2014).
As the most advanced tools currently available, general
circulation models (GCMs) have been widely used in studies
of future climate change (Su et al., 2013; Sorribas et al.,
2016; Reshmidevi et al., 2017). However, the outputs of
GCMs must be downscaled before used at regional or local
scales because of their coarse resolution (~150–300 km).
Meanwhile, GCMs should be used with caution in mountain-
ous areas, such as Central Asia, because they often fail to ade-
quately express the relationship between elevation and spatial
climatic variables such as precipitation and temperature
(Seager and Vecchi, 2010). The downscaling approach is
capable of transferring the climatic change signals from coarse
GCMs to finer local scale based on long-term continuous
observations. However, the meteorological stations located in
Central Asia are sparsely scattered and most of them are dis-
tributed in the plains with elevations less than 2 km due to the
harsh environment for equipment installation in mountainous
region. Meanwhile, some weather stations have stopped oper-
ating since the 1990s after the collapse of the former Soviet
Union (Hu et al., 2014). All the reasons mentioned above
posed great challenges to understand the regional climate vari-
ations and their critical relationship with geographical ele-
ments such as elevation and latitude (Lu et al., 2006; Aalto
et al., 2017; Yang et al., 2017).
Fortunately, the recent development of gridded climate
datasets with improved accuracy and resolution creates a
new opportunity to explore the regional variations of climate
in Central Asia that can be used to replace station-based
data. The potential data sources include the National Centers
for Environmental Prediction, Climate Forecast System Rea-
nalysis (Saha et al., 2010), the European Centre for
Medium-Range Weather Forecasts Interim Reanalysis (Dee
et al., 2011), Modern-Era Retrospective Analysis for
Research and Applications (Rienecker et al., 2011), and the
Climate Research Unit (CRU) dataset (Harris et al., 2014),
etc. In recent years, these datasets have been widely used in
detecting the variations in precipitation and temperature in
Central Asia (Hu et al., 2014; 2016; Sidike et al., 2016).
However, few studies have been conducted to investigate
the future climatic variations in Central Asia in the 21st cen-
tury (Yang et al., 2017). Lioubimtseva and Cole (2006) and
Lioubimtseva and Henebry (2009) analysed the future
changes in precipitation and temperature in Central Asia
based on the GCMs from Coupled Model Intercomparison
Model, Phase 4, data regardless of temporal diversity. Yang
et al. (2017) applied 21 GCMs to detect future climate
change in Central Asia together with the assistant of remote
sensing products only for the mountainous areas of the Tian-
shan and Kunlun mountains. There is no combination of
these reanalysis datasets with latest GCMs used to examine
the future climate projections found during literature search-
ing. In addition, there is insufficient research to reveal the
relationships between large-scale atmospheric circulation
and the variations of climate variables.
Therefore, the objective of this study was to investigate
the spatial and temporal climate changes in Central Asia by
using a combination of the latest GCM ensemble and reanaly-
sis datasets. The accuracy and applicability of three downscal-
ing methods, Delta, Advanced Delta, and Bayesian model
averaging (BMA) methods, were examined by comparing the
downscaled results with synchronous CRU gridded datasets
to describe the variations of local precipitation and tempera-
ture in Central Asia. After the data quality evaluation, these
methods are implemented for detecting variations in both pre-
cipitation and temperature in Central Asia for the period of
2021–2060. The correlation between changes in local climates
and multiple large-scale atmospheric fields, air pressure at sea
level (PSL), surface temperature (TS), zonal wind (UA),
meridional wind (VA), vertical wind velocity (WAP), geopo-
tential height (ZG), and sea-surface temperature (SST), were
also analysed to comprehend the possible drivers of climatic
anomalies in this region.
2 | STUDY AREA AND DATA
2.1 | Study area
The study region consisted of Xinjiang Uygur Autonomous
Region, China, and five Central Asian countries including
Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan, and
Uzbekistan. The entire study region is referred to herein as
Central Asia (Figure 1; Li et al., 2015). Central Asia extends
between 34.3–55.4N and 46.5–96.4E and covers an area
~5.638 million square kilometre (Cao et al., 2017), account-
ing for one-third global arid land. This region is character-
ized by a magnificent elevation rising from −154 to 8,611 m
above sea level (Qiu et al., 2017). Because this region is sit-
uated in the deep interior of the Eurasian continent and many
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of the land areas in this region lie in the rain shadows of high
mountain ranges (Hu et al., 2017), the local climate is typi-
cally semi-arid and arid with a strong gradient in both pre-
cipitation and temperature from the mountains to the plains
and from north to south (Lioubimtseva and Cole, 2006). The
annual precipitation was ~211 mm, varying from less than
50 mm in desert areas to more than 2,000 mm on the wind-
ward slopes of mountainous areas (Deng and Chen, 2017).
The average temperature was 6.65C in the entire region
with large differences spatially. The average annual tempera-
ture in some high mountainous areas were below 0C, it also
can go up to 18C in southern parts of Uzbekistan and Turk-
menistan (Mohammat et al., 2013).
2.2 | Data
The monthly CRU time series version 3.24 (TS 3.24) of high
resolution gridded data from 1965 to 2004 was used as the
reference data because sparse observational data have been
acquired for the past in the Central Asia region. The CRU
datasets have been widely used in Central Asia; these have
been verified to have an acceptable level of precision in this
region (Hu et al., 2014). Eighteen GCMs outputs during the
periods of 2021–2060 and 1965–2004 from Phase 5 of the
Coupled Model Intercomparison Model for the median emis-
sion scenario RCP 4.5 and RCP 8.5 were used to analyse the
future changes in precipitation and temperature (Table 1).
Since different runs from a GCM have the similar capacity
in climate projection over Central Asia (Luo et al., 2018),
only the runs r1i1p1 from the models with relatively higher
spatial resolution were selected in this study. All gridded
datasets were resampled into 0.5 × 0.5 grids to unify the
spatial resolution. Digital elevation model data (http://srtm.
csi.cgiar.org/) from the US National Atmospheric and Space
Administration Shuttle Radar Topographic Mission at 90 m
spatial resolution was used to provide the topographic
information. Meanwhile, the mountainous area was also
divided based on the Shuttle Radar Topographic Mission
data by the definition from the United Nations Environment
Programme (Blyth et al., 2002). To have better understand-
ing of the potential effects of future climate changes on dif-
ferent land cover, the vegetated (VG), non-vegetated (NV),
and snow and glacier (SG) cover areas were determined by
using 300 m gridded land cover data from the European
Space Agency global land cover dataset (GlobCover 2009,
http://due.esrin.esa.int/page_globcover.php). The monitoring
and modelling studies biweekly Normalized Difference Veg-
etation Index (NDVI) data (https://ecocast.arc.nasa.gov/data/
pub/gimms/3g.v0/) derived from the pathfinder Advanced
Very High Resolution Radiometer were also applied for fur-
ther detailing the possible correlation between climatic
changes and surface vegetation coverage.
3 | METHODOLOGIES
3.1 | Evaluation of the performance of downscaling
methods and trend analysis
The performance of the three downscaling methods in Cen-
tral Asia was evaluated by comparing their downscaled out-
comes against the CRU data during the reference period of
1965–2004. Each grid in the study region was treated as a
sample point and the average values of the grids were evalu-
ated and compared. Relative evaluation indices such as
FIGURE 1 The study area and the distribution of land cover type in
Central Asia. An inset map shows the location of Central Asia within World
[Colour figure can be viewed at wileyonlinelibrary.com]
TABLE 1 General information of selected GCMs as well as the precisions
of downscaling methods in precipitation and temperature outputs
Class Name
Horizontal
resolution ()
Vertical
resolution () R(P) R(T)
GCMs ACCESS1-0 1.875 1.25 0.52 0.65
CCSM4 1.25 0.9 0.41 0.72
CESM1-CAM5 1.25 0.9 0.44 0.72
CMCC-CM 0.75 0.75 0.43 0.69
CMCC-CMS 1.875 1.9 0.42 0.7
CNRM-CM5 1.4 1.4 0.41 0.66
EC-EARTH 1.125 1.1 0.4 0.7
GISS-E2-H 2.5 2 0.51 0.65
HadGEM2-AO 1.875 1.25 0.5 0.65
HadGEM2-CC 1.875 1.25 0.34 0.65
inmcm4 2 1.5 0.33 0.74
IPSL-CM5A-MR 2.5 1.3 0.46 0.73
MIROC4h 0.56 0.56 0.61 0.65
MIROC5 1.4 1.4 0.56 0.65
MRI-CGCM3 1.125 1.1 0.56 0.61
MPI-ESM-LR 1.875 1.9 0.75 0.82
MPI-ESM-MR 1.875 1.9 0.71 0.83
MRI-ESM1 1.125 1.1 0.69 0.71
Downscaling
results
Delta 0.55 0.81
Advanced Delta 0.67 0.82
BMA 0.73 0.85
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correlation coefficients (R2), root mean square error, and
standard deviations were applied. Both the linear trend fit
and nonparametric Mann–Kendall (M–K) test (Mann, 1945;
Kendall, 1975) were used to explore how warming vary with
elevation and latitude. The M–K test was also used to detect
the breakpoints of changes in warming and the interval of
significance.
3.2 | Statistical downscaling methods
The Delta and BMA downscaling methods are common sta-
tistical downscaling techniques that have been widely used
in the GCM ensemble (Onyutha et al., 2016; Yang et al.,
2017). By assuming that the relative changes observed from
GCMs are more representative than the absolute ones, the
Delta downscaling method accounts for climatic changes by
the perturbations from a multi-model median (Dahm et al.,
2016; Onyutha et al., 2016). All the GCMs participated in
the downscaling process equally. The Delta method is able
to handle both precipitation and temperature from GCMs
output based on Equations (1) and (2), respectively:
δP¼ Pf
Ph,
ð1Þ
ΔT ¼T f−Th, ð2Þ
where δP and ΔT are the changes in precipitation and tem-
perature, respectively. Pf and T f are the average precipita-
tion and temperature in future period, while Ph and Th are
the average precipitation and temperature in historical
period.
Unlike the Delta method, the BMA method is a probabi-
listic method that uses weight probability density functions
(pdfs) of different GCM models. The weights of the BMA
reflect the contributions of component models that are
explained by the predictive ability of the training sample
(Huang et al., 2014). In other words, a training sample under
historical emission scenario was used to calibrate the BMA
weights through comparison with observational data from
the homologous period. If the training sample has a better
performance in reproducing the present climatic conditions,
the model with relatively larger weight and probability is
assumed to accurately represent the future climate change
(Yang et al., 2011). This study used both methods to down-
scale the GCM ensemble. The pdf of the projected climatic
parameter y, denoted as p(y) is able to be written as:
p yð Þ¼
Xn
i¼1
pi y jMið Þwi, ð3Þ
where n is the number of the GCMs used. In this study, n =
18. pi(y j Mi) is the projected pdf of y based on the Mi; wi is
the posterior probability of Mi being correct given the training
data (Raftery et al., 2005) and
Pn
i¼1wi = 1. The better the Mi
fits the observations on training period, the larger is wi.
Besides these two regular downscaling methods, we
modified the Delta method referring it as the Advanced
Delta method. Firstly, the average values and standard devia-
tions of the GCMs ensemble were calculated for each grid
point. The upper and lower limits of the interval were deter-
mined by the sum and difference of the average value and
half of standard deviation, respectively. Certain GCM will
not be used to calculate the climate change signals unless its
output value falls into this interval. Each grid was calculated
separately in view of the spatial differences of GCM repre-
sentation. GCMs with larger biases could be neglected
through this process. The processes are presented in Equa-
tions (4)–(11):
δPi ¼ PfiPhi , i¼ 1,2,…,n, ð4Þ
sdP ¼ sd δPið Þ, i¼ 1,2,…,n, ð5Þ
δPia ¼
δPi, δPi−0:5 ∗ sdP<δPi<δPi+0:5 ∗ sdP
0, δPi<δPi−0:5 ∗ sdP
0, δPi>δPi+0:5 ∗ sdP
8><
>:
ð6Þ
δP¼ 1
n
Xn
i¼1
δPia, ð7Þ
ΔTi ¼Tfi−Thi, i¼ 1,2,…,n, ð8Þ
sdT ¼ sd ΔTið Þ, i¼ 1,2,…,n, ð9Þ
δTia ¼
δTi, δTi−0:5 ∗ sdT<δTi<δTi+0:5 ∗ sdT
0, δTi<δTi−0:5 ∗ sdT
0, δTi>δTi+0:5 ∗ sdT
8><
>:
ð10Þ
δT ¼ 1
n
Xn
i¼1
δTia: ð11Þ
In general, each model has the same weight in calculat-
ing operation in Delta method, while the better model has a
relative higher weight in BMA method. In the Advanced
Delta method, the models exceeding the interval defined are
excluded and other models are participated in the calculation
equally.
3.3 | The analysis of the possible links between
variations in precipitation and temperature with large-
scale circulation fields anomalies
To analyse the possible links between local climate changes
and other large-scale atmospheric circulation conditions, cor-
relation analysis as well as the Singular Value Decomposi-
tion (SVD) method were used in the present study.
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Correlation analysis is able to reflect the strength and signifi-
cance level of the relationship by calculating the correlation
coefficients and p values of the two variables. The SVD
method (Bretherton et al., 1992) was employed to decom-
pose the cross-covariance matrix of two dataset fields, and
then identified the mutually orthogonal pairs of spatial pat-
terns that explain the squared temporal covariance between
the two physical variables (Uvo et al., 1998). For each phys-
ical field in the mutually orthogonal mode, two spatial pat-
terns and one temporal series were obtained. The two spatial
patterns are the correlation coefficients between the time
series and the values of the grid points in the same and other
field which are referred to as homogeneous and heteroge-
neous correlation coefficients, respectively (Hu, 1997; Yang
and Lau, 2004). In this study, only the heterogeneous corre-
lation coefficients are presented that are related to the signifi-
cantly affected regions from the other field.
4 | RESULTS
4.1 | The performances of the downscaling methods
The CRU data are used as a reference for evaluating the
downscaled results of precipitation and temperature in Cen-
tral Asia, because the sparsity of station coverage in this area
leads to great uncertainties when the characteristics of cli-
matic variations are investigated. The comparisons of the
downscaled outcomes and CRU data are shown in Figure 2.
No significant discrepancies are found in the downscaled
results of Advanced Delta and BMA methods. The correla-
tion coefficients between two downscaled results with CRU
are above 0.70 and near 0.90 for precipitation and tempera-
ture, respectively. The Delta downscaled results for tempera-
ture are also acceptable in Central Asia with a high
correlation coefficient of 0.87. However, the downscaled
precipitation based on the Delta method did not provide
encouraging results whose correlation coefficient is around
0.41. The precisions of the downscaled results and original
GCMs were also compared based on the gridded CRU data
(Table 1). In general, the precisions of the three downscaled
results are better than most of the GCMs, especially the
downscaled precipitation by Advanced Delta and BMA
methods have much better performance. It indicates that
the ensemble model projection is likely to have more reason-
able precision rather than a single GCM. The precisions of
the GCMs should be examined before they are used in
climate change analysis.
When comparing with the observations from meteoro-
logical stations, great fluctuations were observed among
ground stations in precisions of the downscaled precipitation
(Figure 3). However, the correlation coefficients of
FIGURE 2 The precision of each downscaled precipitation and temperature compared to CRU data for the historical period of 1965–2004 [Colour figure can
be viewed at wileyonlinelibrary.com]
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downscaled precipitation in most stations lay in the range
between 0.40 and 0.80. For downscaled temperature, the
correlation coefficients in almost all of these stations were
larger than 0.80. The results indicated the good perfor-
mances of these downscaling methods in examining current
climate over Central Asia.
Meanwhile, the performance of these three downscaling
methods was also examined spatially based on the gridded
CRU data in producing current climate. According to the
spatial results, The Advanced Delta and BMA downscaled
precipitation have relative higher precision than the results
of Delta method (Figure 4). Especially during spring and
FIGURE 3 The performance of the different downscaling methods for monthly precipitation and temperature for the period of 1965–2004 compared with
observations from 106 meteorological stations [Colour figure can be viewed at wileyonlinelibrary.com]
FIGURE 4 The spatiotemporal distribution of the three downscaled precipitation and CRU precipitation for the period of 1965–2004 [Colour figure can be
viewed at wileyonlinelibrary.com]
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summer seasons in the mountainous area, the Advanced
Delta and BMA downscaled precipitation presented reason-
able distributions when comparing with the CRU data.
Moreover, the downscaled precipitation of Advanced Delta
and BMA methods has better spatial pattern than Delta
method. However, for downscaled temperatures, all of the
three downscaled temperatures exhibited similar spatial pat-
terns with gridded CRU temperature (Figure 5). It also con-
firmed that the projected precipitation always presented
worse performance than temperature (Tachie-Obeng et al.,
2014; Luo et al., 2018). Seager and Vecchi (2010) proved
that some GCMs are unable to express current climate cor-
rectly especially in mountainous areas. The GCMs with
large biases in current climate might cause misleading
results. The misleading models might result in large biases
in Delta downscaling process.
4.2 | The temporal variations of precipitation and
temperature changes
The climatic variations in the four seasons, spring (March–
May), summer (June–August), autumn (September–
November), and winter (December–February of the next
year) as well as the annual changes were examined in this
study. The projected annual precipitation increased slightly
at an average rate of 4.63 mm/decade (ranging from 4.39 to
4.78 mm/decade) based on the three downscaled results;
strong temporal variations existed in different seasons
(Figure 6). All three downscaled results from the Delta,
Advanced Delta, and BMA approaches show the projected
summer precipitation is going to experience a significant
decrease in parts of Central Asia. Even the summer total pre-
cipitation increased with the rates of change ranging from
0.29 to 0.70 mm/decade. All downscaling methods show the
consistence that nearly half of Central Asia, ~41.6–50.8% of
the area, presented a decreasing trend in precipitation. The
mountainous area accounted for greater proportions of the
decrease in summer precipitation with a range of
~58.1–64.9% (Figure 7). The decreasing rates in mountain-
ous areas were −0.23 and −0.95 mm/decade for the
Advanced Delta and BMA downscaled results, respectively.
Only 39.5–48.9% of the plain area appears a decreased sum-
mer precipitation and ascending precipitation across all plain
area. The areas that were projected to suffer a declining trend
in the other three seasons were rare (less than 7%). The aver-
age rates of increase were 6.23, 4.93, and 6.88 mm/decade
for spring, autumn, and winter, respectively. Precipitation
rates increased more in winter and spring across the whole
study area. In general, precipitation increased more in
FIGURE 5 The spatiotemporal distribution of the three downscaled temperature and CRU temperature under for the period of 1965–2004 [Colour figure can
be viewed at wileyonlinelibrary.com]
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mountainous areas than plains in spring and autumn, which
accounts for the larger annual increases.
Figure 8 shows the projected temperature always appears
ascending trend in the near future based on various down-
scaling results. The annual increase rate was projected as
0.37C/decade (ranging from 0.36 to 0.37C/decade) during
2021–2060 referring to 1965–2004. Summer temperatures
would warm most conspicuously followed by those in winter
according to the Advanced Delta and BMA downscaled
results. However, the most prominent warming up was
observed in future winter with a rate of 0.38C/decade.
When warming rates were compared among different areas,
the plains would suffer severer warming than mountainous
areas on both annual and seasonal scales with exception of
autumn.
4.3 | The relationship between temperature variations
and geolocation
Since the temperature variations correlate with elevation and
latitude, their relationships were also examined. Because the
three downscaled temperature results have similar preci-
sions, only the BMA downscaled results were analysed for
the purpose of demonstration. The relationship between
FIGURE 6 Annual and seasonal changes in precipitation revealed by different downscaling methods during 2021–2060 relative to 1965–2004 [Colour
figure can be viewed at wileyonlinelibrary.com]
FIGURE 7 Percentage of study area showing increasing or decreasing precipitation revealed by different downscaling methods during 2021–2060 relative to
1965–2004 [Colour figure can be viewed at wileyonlinelibrary.com]
FIGURE 8 Annual and seasonal changes in temperature revealed by different downscaling methods during 2021–2060 relative to 1965–2004 [Colour figure
can be viewed at wileyonlinelibrary.com]
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elevation and variations in both annual and seasonal temper-
ature in mountainous regions is shown in Figure 9. In gen-
eral, an increase in elevation results in an obvious projected
increase in warming of temperatures in spring and autumn (p
< 0.05) in mountainous regions based on the M–K test, indi-
cating the trend of warming would accelerate with the
increasing of elevation. However, the relationship varied in
different seasons. However, a strong relationship was found
between elevation and changes in autumn temperature with
the correlation coefficient being 0.59. There is no obvious
relationship found in summer.
A strong relationship was revealed between latitude and
annual/seasonal temperatures changes (Figure 10). The tem-
peratures warming rates in annual and seasonal scales exhib-
ited a distinct increase (p < 0.05) with an increase of
latitude. If comparing the warming rates in different season,
this kind of correlation is more obvious in spring and winter
(correlation coefficients is around 0.70) rather than in
FIGURE 9 Annual and seasonal temperature changes and the trends analysis between the change factors and elevation by using the trend analysis and M–K
test with 95% confidence interval (purple line) under RCP 4.5 scenario [Colour figure can be viewed at wileyonlinelibrary.com]
FIGURE 10 Annual and seasonal temperature changes and the trends analysis between the change factors and latitude by using the trend analysis and M–K
test with 95% confidence intervals (purple line) under RCP 4.5 scenario [Colour figure can be viewed at wileyonlinelibrary.com]
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summer and autumn. Not all the break points were signifi-
cant according to the M–K test results.
4.4 | The effects of land cover on the changes of
precipitation and temperature
The analyses about the effects of different types of land
cover on the changes in precipitation and temperature are
summarized in Tables 2 and 3, respectively. The results
reveal small differences in changes in precipitation were pro-
jected to occur on the VG and SG land types (Table 3). The
precipitation increased ~5.74 mm/decade (5.48–6.04 mm/
decade) and 5.68 mm/decade (5.22–6.13 mm/decade) on the
VG and SG land types based on the average level of the
downscaled results, respectively. The change rates of annual
and seasonal precipitation on NV land type, ~3.47 mm/
decade (3.30–3.67 mm/decade), show relatively slower
speeds than other two types. Moreover, the VG and SG land
types have the most prominent increase in precipitation in
winter, while it appeared in spring for the NV land type.
For the warming rate of annual temperature, VG land
type has distinctly higher rate than SG and NV land types
(Table 3). In spring and winter, the most prominent warming
appeared in the VG land type followed by the SG land type.
The NV land type had the lowest warming rate in those two
seasons. However, the discrepancies in warming rates nar-
rowed for the three land types in summer. The same rates of
change occurred in the VG and NV land types with slightly
higher warming than in the SG land type in summer. In
autumn, the most obvious warming began to appear in the
SG land type with a rate of 0.4C/decade (0.39–0.41C/
decade). The results indicate that the VG, NV, and SG land
types have clear temporal variations. Moreover, the VG land
type has faster warming and wetting rate than the NV land
type in Central Asia region.
4.5 | The spatial variations in changes in precipitation
and temperature
The spatial variations in seasonal changes in precipitation
and temperature were further examined based on the three
sets of downscaled results. The changes in precipitation had
a non-uniform but strong spatiotemporal rate ranging from
−18.17 to 31.83 mm/decade (Figure 11). Similar spatial pat-
terns in summer season were observed within a strong
decrease in precipitation in southeastern Kazakhstan, Uzbek-
istan, Turkmenistan, eastern Tajikistan, Kyrgyzstan, and
western Xinjiang. From temporal point of view, except in
summer season, the gridded points are experiencing a
decrease in precipitation. From spatial point of view, Tajiki-
stan, Kyrgyzstan, northern and eastern Kazakhstan had rela-
tively strong increases in precipitation than other areas.
The entire region was projected to experience quick
warm up processes in future (0.26 and 0.55C/decade)
(Figure 12). The northern part of the study area had obvi-
ously higher warming rates than the southern part especially
in spring and winter. The distribution patterns of warming
are further confirmed by the M–K test that the acceleration
of warming rate is associated with the increase of latitude.
Moreover, visibly greater fluctuations were found in spring
and winter when compared with summer and autumn. Tem-
perature changing results show that 37.58–38.51% of the
study region experienced more than 2C (~0.36C/decade)
of accumulated warming in spring, which was mainly dis-
tributed in northern Kazakhstan and Xinjiang, China. These
areas further expanded and accounted for more than half of
the new warmth in the entire region in the other three sea-
sons in addition to autumn from the BMA result (45.50%,
Table 4).
The future precipitation exhibited increasing trend gener-
ally with apparently spatiotemporal differences under RCP
4.5 and RCP 8.5 scenarios (Supporting Information
Figure S1). The average changing rates were 5.29 mm/
decade (−9.61–30.98 mm/decade). Different from the varia-
tions under RCP 4.5 scenario, the Turkmenistan in spring
TABLE 2 The rates of precipitation changes (mm/decade) in different land
cover regions in Central Asia during 2021–2060 relative to 1965–2004
ANN MAM JJA SON DJF
Delta
VG 5.74 7.32 0.98 5.95 8.72
NV 3.67 5.48 0.41 3.95 4.86
SG 5.68 7.46 1.16 5.99 8.12
Advanced Delta
VG 5.48 7.00 0.67 5.55 8.69
NV 3.30 4.94 −0.10 3.66 4.71
SG 5.22 6.74 0.74 6.07 7.33
BMA
VG 6.04 7.30 0.66 6.85 9.37
NV 3.49 5.28 0.17 3.58 4.93
SG 6.13 7.68 2.25 6.84 7.75
TABLE 3 The rates of temperature changes (C/decade) in different land
cover regions in Central Asia during 2021–2060 relative to 1965–2004
ANN MAM JJA SON DJF
Delta
VG 0.38 0.38 0.38 0.37 0.41
NV 0.35 0.32 0.38 0.36 0.35
SG 0.37 0.34 0.37 0.41 0.37
Advanced Delta
VG 0.39 0.38 0.38 0.37 0.41
NV 0.36 0.33 0.39 0.37 0.35
SG 0.36 0.33 0.36 0.39 0.37
BMA
VG 0.38 0.38 0.38 0.36 0.40
NV 0.35 0.32 0.38 0.35 0.35
SG 0.37 0.33 0.37 0.40 0.37
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and northern Uzbekistan in autumn also presented decreas-
ing trend under RCP8.5 scenario. The higher warming was
also observed in northern Central Asia than that in southern
Central Asia (Figure S2). The temperature under RCP 8.5
scenario presented obviously higher warming when com-
pared with that under RCP 4.5 scenario. The accumulated
warming was higher than 2C over the whole region apart
from Turkmenistan and southern Uzbekistan in winter sea-
son. The warming rates were 0.44C/decade (0.30–0.62C/
decade) over the whole region. In general, stronger warming
and wetting trend is observed under RCP 8.5 scenario than
under RCP 4.5 scenario with greater spatiotemporal differ-
ences over the same period.
4.6 | The correlation between variations in
precipitation and temperature with large-scale
atmospheric circulation fields
To better understand the possible driving factors leading to
variations of precipitation and temperature in Central Asia,
this study also analysed the synchronous changes and corre-
lations with PSL, TS, UA, VA, WAP, and ZG. Only the
results of Advanced Delta method were used in consider-
ation of the method's performance and the inaccessibility of
reference data for these variables.
4.6.1 | Correlations with the sea-surface pressure field
The PSL mainly showed a projected declining trend in Cen-
tral Asia (Figure 13) but Karakoram mountains in southern
Xinjiang. The declining trend in PSL became more pro-
nounced from eastern to western Central Asia. The varia-
tions in precipitation presented contrasting correlations with
PSL. A negative correlation existed in western Central Asia
within northwestern Kazakhstan, central Uzbekistan, and
Turkmenistan passing the 95% significant test. A positive
correlation existed in the eastern part of the study area while
only the Tianshan and Karakoram mountains located in Xin-
jiang passed the significant test. A negative correlation with
the variations in temperature was observed in most parts of
the study region but in Karakoram mountains in southern
Xinjiang.
4.6.2 | Correlations with the surface temperature field
The TS was predicted to increase in the entire region
(Figure 13). The variations of precipitation and TS in the
entire Central Asia were significantly and negatively corre-
lated in most parts of the region. The changes in tempera-
ture and TS were highly correlated since significant and
positive correlation appeared in the entire region (p
< 0.05). The results from SVD analysis also provided a
similar conclusion (data not shown). It implied that the
changes of TS strongly affect the variations of precipitation
and temperature.
4.6.3 | Correlations with wind field
The winds of Central Asia, specifically UA and VA, chan-
ged in different ways (Figure 13). The UA was generally
projected to show a declining trend with an exception in
FIGURE 11 The spatiotemporal distributions of projected precipitation variations by different downscaling methods under RCP 4.5 for the period of
2021–2060 [Colour figure can be viewed at wileyonlinelibrary.com]
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southwestern Central Asia. For the variations in the VA,
western Central Asia and southern Xinjiang exhibited a
decreasing trend while the other parts had an increasing
trend. Their effects of the UA and VA on variations in pre-
cipitation and temperature also depended on the geoloca-
tion based on the correlation analysis. An overwhelmingly
negative correlation was observed between changes in UA
and precipitation as well as with changes in temperature.
The variations in VA and precipitation were positively cor-
related in most locations with the exception of several
pixels in northern and eastern Kazakhstan. Positive and
negative correlations were observed between warming and
variations in VA in most regions of Kazakhstan and other
parts over Central Asia. However, the relationship between
VA variations and warming are not extraordinary because
of its low correlation coefficients. There are several pixels
in southeastern Kazakhstan, western Turkmenistan, and
eastern Xinjiang which passed the significant
test (p < 0.05).
4.6.4 | Correlations with the vertical velocity field
The WAP only increased in the northern and western parts
of Kazakhstan and southeastern Central Asia (Figure 13).
This change implies a general weakening of the upward con-
vergence movement in the region. A negative correlation
was observed between precipitation changes and WAP. In
other words, the strengthening of upward convergence will
accelerate moisture exchange and bring more precipitation in
Central Asia (Figure 14).
A significantly positive correlation existed between
warming rates and WAP variations in northeastern Kazakh-
stan, western Turkmenistan, and most of the plain area in
Xinjiang (Figure 15). A negative correlation occurred in
other areas but was only significant (p < 0.05) in the Altai
and Tianshan mountains in Xinjiang and the western part of
Kazakhstan.
4.6.5 | Correlations with geopotential height field
The ZG was projected to increase in the entire region
(Figure 13). A significant and negative correlation was
observed between ZG anomalies and precipitation changes
in regional level (Figure 14), except in the eastern part of
Xinjiang (p < 0.05). Significant increases of the ZG are
favourable to local warming with a positive correlation
occurring between these two in the entire region (p < 0.05)
in addition to the western parts of Kazakhstan and
Uzbekistan.
FIGURE 12 The spatiotemporal distribution of projected temperature increases by different downscaling methods under RCP 4.5 for the period of
2021–2060 (the area with white points covered mean the accumulated rising temperature is higher than 2C) [Colour figure can be viewed at
wileyonlinelibrary.com]
TABLE 4 The percentage (%) of Central Asia experience more than 2C
warming during 2021–2060 relative to 1965–2004
ANN MAM JJA SON DJF
Delta 57.76 37.73 84.94 74.69 60.87
Advanced Delta 60.56 38.51 87.73 73.14 60.40
BMA 52.64 37.58 77.95 45.50 61.96
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5 | DISCUSSION
Three downscaling methods were used in this study to inves-
tigate the climatic changes in Central Asia. Based on the
analysis results, the Advanced Delta and BMA approaches
have much better performance than simple Delta approach.
The precision of the Advanced Delta method could obvi-
ously be improved in Central Asia and is recommended here
for use in other regions. It is well known that the global
average temperature is projected to increase due to
FIGURE 13 The mean level of perturbation factors of sea-surface pressure, surface temperature, 500 hPa zonal wind, 500 hPa meridional wind, 500 hPa
vertical velocity and 500 hPa geopotential height in summer season for the period of 2021–2060 under the RCP 4.5 scenario [Colour figure can be viewed at
wileyonlinelibrary.com]
FIGURE 14 The correlation coefficients between precipitation and each of the sea-surface pressure, surface temperature, 500 hPa zonal wind, 500 hPa
meridional wind, 500 hPa vertical velocity and 500 hPa geopotential height in summer season for the period of 2021–2060 under the RCP 4.5 scenario
[Colour figure can be viewed at wileyonlinelibrary.com]
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greenhouse gas emissions and their warming effect on the
climate. Moreover, the warming rate in the humid regions is
much lower than that in the arid regions which might top up
to ~0.37 and 0.44C/decade in the period 2021–2060 rela-
tive to 1965–2004 under the RCP 4.5 and RCP 8.5 scenarios
in Central Asia, respectively. It is also obviously higher than
the global average level (IPCC, 2013). The cooling effects
of vegetation coverage might be a possible reason for the
more distinct warming in arid region.
For future precipitation, increasing at the rate of
4.63 mm/decade under RCP 4.5 scenario as well as
5.29 mm/decade under RCP 8.5 scenario will occur in this
region with strong spatial and temporal heterogeneity. The
climate in Central Asia domain presents a warmer and wetter
trend under RCP 8.5 scenario than that under RCP 4.5 sce-
nario. The precipitation changes mainly depend on the
changes in atmospheric water content which is transported
from the oceans to the lands by the large-scale atmospheric
circulation. The global warming is expected to enhance the
large-scale atmospheric circulation as well as water vapour
transport for this region (Bengtsson, 1997). Therefore, by
accelerating the atmospheric circulation and water transport,
the global warming will lead to more precipitation in this
region. While, the temporal heterogeneity presented that the
precipitation in summer season exhibits obvious decreasing
trend over central parts of Central Asia. This is not contra-
dicting with this fact since monsoon circulation in summer
season is found to recede in some parts of Central Asia
under future emission scenarios (Douville et al., 2000).
The study area warmed at a rate slightly higher than the
global warming rate 0.33C/decade in the recent 50 years
(from 1960 to 2009) reported by Hu et al. (2014). This indi-
cates that it will be still hard to maintain even the current
thermal states in the medium emission scenario (RCP 4.5).
Moreover, more than half of Central Asia is estimated to
experience a cumulative warming more than 2C which is
beyond that target of the Paris Agreement, and confirmed by
Huang et al. (2017). Mannig et al. (2013) analysed the cli-
mate change in Central Asia based on a high-resolution
RCM model between 2071–2100 and 1971–2000 under
IPCC A1B scenario. The results predicted a decrease in sum-
mer precipitation in most regions and the warming rate was
also more pronounced than the global average. The findings
proved by this study are quite similar with our study. Based
on the Regional Climate Model RegCM4.3.5, Ozturk et al.
(2017) investigated the projected future changes in precipita-
tion and temperature in Central Asia. For the future changes
in precipitation, a decreasing trend is expected in most of the
region of the period 2071–2100 relative to the reference
period 1971–2000. The decrease in precipitation was incon-
sistent with our results. This may be attributed to the differ-
ent study period. According to the fifth assessment report
(AR5) of IPCC, the changes in precipitation totals over Cen-
tral Asia will vary between −13 and 18% in summer season,
while vary between −6 and 25% in winter season under
RCP 4.5 scenario (IPCC, 2013). Most of the GCMs outputs
also exhibit precipitation will decrease in summer, while
increase in winter in the near future over Central Asia
(Christensen et al., 2007). In general, the findings about
future changes in precipitation over Central Asia in our
study show a general agreement with the results exhibited in
IPCC AR5 report. Within the IPCC AR5 report, the average
temperature will always increase up to 5.4C at the end of
2100 under RCP 4.5 scenario based on the multi-model
median (IPCC, 2013). Although the study period is different,
the general trend simulated in the present study is nearly
consistent with the warming projection from IPCC AR5
report.
FIGURE 15 The correlation coefficients between temperature and each of the sea-surface pressure, surface temperature, 500 hPa zonal wind, 500 hPa
meridional wind, 500 hPa vertical velocity and 500 hPa geopotential height in summer season for the period of 2021–2060 under the RCP4.5 scenario
[Colour figure can be viewed at wileyonlinelibrary.com]
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Jiapaer et al. (2015) and Jiang et al. (2017) have reported
that increases in precipitation and temperature depend
strongly on the land cover types. Our results show that pre-
cipitation increases clearly associated with SG and VG land
types rather than NV land type. This encouraged us to fur-
ther analyse the relationship between climate change signals
and surface land coverage. NDVIs with values larger than
0.1 (excluding bare land and water body) were used to
explore the correlation between land cover and variations in
precipitation as well as temperature in this study. A positive
correlation was observed between the increase in precipita-
tion rates and NDVI (p < 0.05; Figure 16). This finding
pointed out that the increase of precipitation could be partly
attributed to the increase of the surface vegetation coverage.
A negative correlation was found between an increase in
temperature and NDVI. The area with VG land type experi-
enced a larger warming rate than that with the NV land type
as mentioned above in the present study. Hu et al. (2014)
also detected an obviously higher warming rate in a VG land
type than in the NV land type in Central Asia based on the
Modern-Era Retrospective Analysis for Research and Appli-
cations reanalysis dataset during the period 1979–2011.
However, this did not contradict the negative correlation
observed between NDVI and variations in temperature
because the NV land type had been excluded. Vegetated
land types and bare lands have different responses to cli-
matic change. It also indicates the necessity of analysing the
climatic variations for different land cover types separately.
Meanwhile, Yuan et al. (2017) found an increase in the
NDVI had a cooling effect on the local temperature in Cen-
tral Asia. Since the humid region always has the relative
higher vegetation coverage than that in arid region, the vege-
tation coverages may be a possible reason accounting for the
milder warming rate in humid region than that in arid region.
The anomalies of precipitation were attributed to the
changes in atmospheric water vapour content. Many previ-
ous studies have shown that a change in SSTs change largely
affects the transportation of water vapour from the oceans to
the lands (Aldrian and Dwi Susanto, 2003; Roxy, 2014; Liu
and Duan, 2017). In current study, the relationship between
local variations in climate and SST anomalies was detected
by SVD analysis. Figure 17 illustrates that the variations in
summer rainfall over Central Asia is well correlated to the
SSTs anomalies in Indian Ocean, especially in the Arabian
Sea region (Figure 17a,c). The variations in summer rainfall
over Central Asia is closely linked to the SSTs anomalies in
Indian Ocean with a correlation of 0.58 (Figure 18). As the
driving force for the atmospheric dynamics, the warming
SSTs in summer season are benefit for the formation of the
stronger cyclonic circulation. Therefore, the upward motion
in the Indian Ocean is enhanced which favours the rainfall
production. Xie et al. (2010) illustrated the increases in pre-
cipitation in tropical areas are positively correlated with a
warming of SSTs. Zhou et al. (2015) also proposed that the
warming SSTs in the Indian Ocean in spring tend to cause
obvious increases in the summer rainfall over Xinjiang,
especially in the Tianshan and Kunlun mountains. All these
previous studies indicated that the warming of SSTs is an
important cause to the increase in precipitation. Meanwhile,
the warming SSTs were positively correlated with tempera-
ture with correlation coefficient of 0.54 (Figure 17b,d). The
warming SSTs in tropical area enhance the convection
movement in tropical equatorial regions and more heat is
brought from ocean to land by the atmospheric circulation.
The warming rate in Central Asia was more pronounced
with an increase of elevation as in the European Alps
(Beniston and Rebetez, 1996), Himalayas in Nepal (Shrestha
et al., 1999), and the Yunnan Plateau in China (Fan et al.,
2011). In the vertical dimension, larger warming rate was
found in the plain area than in the mountainous areas. In the
horizontal dimension, the warming rate was more prominent
at higher latitudes that is consistent with the findings sug-
gested by Griggs and Noguer (2002), Lin and Qian (2003)
and Lu et al. (2006).
6 | CONCLUSIONS
Three downscaling methods, Delta, Advanced Delta, and
BMA, were used to examine the variations in precipitation
and temperature in Central Asia based on a combination of
CRU reanalysis data and 18 GCMs. The use of the reanaly-
sis data overcame the difficulties of the low density of the
ground stations network and allowed us to explore the varia-
tions in local climate in Central Asia. The applicability of
these three methods was examined via their accuracy in
describing the precipitation and temperature in the study
area. A comparison of the results shows the Advanced Delta
and BMA methods were distinctly superior to the Delta
method when applied to precipitation by several evaluation
indices in the Taylor Diagram, while minor differences
existed among the three methods in downscaling tempera-
ture. The improved results from the Advanced Delta method
account for the need to eliminate any unreasonable values
from GCMs.
FIGURE 16 The linear correlation between NDVI and changes in annual
precipitation and summer temperature during 2021–2060 relative to
1965–2004 [Colour figure can be viewed at wileyonlinelibrary.com]
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The downscaled results from different downscaling
approaches indicated that precipitation increases at an aver-
age rate of 4.63 mm/decade in Central Asia during
2021–2060 relative to 1965–2004, while the temperature
increases at a rate 0.37C/decade under RCP 4.5 scenario.
Stronger warming and wetting trend is observed under RCP
8.5 scenario than that under RCP 4.5 scenario over the same
period. The variations in precipitation are expected to have
strong spatiotemporal differences with decreasing trends
occurring in the central and southern parts of Central Asia
during summer. The maximum projected warming rate
appeared in the northern part of Central Asia while warming
was most conspicuous in summer among all seasons. Mean-
while, the magnitudes of temperature increases were discov-
ered to be rising significantly with elevation (only for the
mountainous areas) as well as latitude.
When different land cover types were considered, we
also observed that the VG and SG land types had a more
prominent increase in precipitation than the NV land type,
which is further explained by the positive correlation
between the increase in precipitation and NDVI. The pro-
jected warming rate was also obviously higher in VG and
SG land types than that in the NV land type. The negative
correlation between warming and NDVI accounted for the
cooling effect of vegetation.
By analysing the relationship between variations in both
climate and large-scale atmospheric circulation, the possible
drivers of local climate change were also suggested. In general,
the increases of TS, UA, WAP, and ZG do not favour an
increase of precipitation while opposite effects exist in the VA
land type. Positive and negative correlations existed between
variations in PSL and changes in precipitation for eastern and
western Central Asia, respectively. The increases of the TS and
ZG are projected to contribute to warming in Central Asia,
while the increases of PSL and UA impede the warming trend
with the exception of the PSL in southern Xinjiang. The varia-
tions of VA have less effect on warming in Central Asia with
relatively low correlation coefficients and only few grids pass-
ing the significance test. The changes of WAP were positively
correlated with the warming temperatures in northeastern
FIGURE 17 Heterogeneous correlation of first SVD mode between variations in sea-surface temperature and other climatic factors in summer season (a:
Precipitation; b: Temperature) [Colour figure can be viewed at wileyonlinelibrary.com]
FIGURE 18 The time coefficients of first SVD mode between variations in sea-surface temperature and other climatic factors in summer season (a:
Precipitation; b: Temperature) [Colour figure can be viewed at wileyonlinelibrary.com]
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Kazakhstan, western Turkmenistan, and plain area in Xinjiang,
while negative correlations were discovered in other areas. The
increasing SSTs made large contributions to the increases in
precipitation and temperature.
Generally, as the most basic climatic and meteorological
factors, the variations in precipitation and temperature in Cen-
tral Asia undoubtedly seriously affect the redistribution of the
water resources especially when the important role of glacier
and snow in streamflow regimes is considered. Although the
increased precipitation and shrinkage of permanent glaciers
with a reduction in snow supply currently add more available
water resources in Central Asia, the reduction in solid water
storage will ultimately result in a decrease in total water
resources. Moreover, the changed precipitation rates and tem-
peratures will also increase the risk of natural disasters such
as floods and droughts. Having accurate climate change pro-
jections will provide much needed information to guide local
land managers in formulating regional strategies designed to
mitigate the potential threats from climatic anomalies and to
adjust agricultural production structure for a rational alloca-
tion of water resources.
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